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ABSTRACT 
This paper deals with the design and optimization of 
transfer trajectories from the Earth to the Moon. In 
particular, the requirements of the ESMO mission have 
been considered. This mission, currently in its phase A, 
is completely designed by European students: because 
of this, the budged must be kept as low as possible. The 
mission analysis has thus to focus on low-energy 
transfers, in order to obtain very low cost trajectories. 
Two different chemical transfers are considered: a 
trajectory through L1 lagrangian point, considering a 
restricted three body problem, and a more complex 
Belbruno transfer, taking into account the presence of 
the Sun. Some results, from another low-cost lunar 
mission, are presented. 
1. INTRODUCTION 
After more than 40 years from the Apollo missions, the 
Moon has become an object of interest again. It is a 
scientific and strategic objective, a test-bed for the 
newest technologies, and it can be a launch pad towards 
Mars and other celestial bodies. However, present 
technology and economical resources are deeply 
different from the ones available at the time of the first 
human missions. The recent trend is to design low-cost 
space missions. 
The need of reducing costs is even more important for a 
mission which is completely designed by students: the 
ESMO (European Student Moon Orbiter) mission aims 
to study, design and build a spacecraft and send it into 
lunar orbit.   
The requirement of low costs has a strong impact on the 
mission analysis: the trajectory must be reliable (to 
minimise the risks), the transfer time should be as short 
as possible, and ground stations must be chosen 
accurately (to reduce the ground segment cost). 
Moreover, the little budget strongly affects the 
trajectory design, since low-cost mission implies 
directly a low Δv transfer. 
To minimise Δv, a number of options can be devised, 
exploiting multi-body dynamics. The concept of using 
stable manifolds of the Restricted Three Body Problem 
(RTBP) to design low-cost missions has been studied by 
Howell et al. [18] to determine appropriate solutions for 
geocentric transfers. By perturbing the insertion 
conditions in the direction of the stable eigenvector, the 
spacecraft is placed on the stable manifold associated to 
the periodic orbit, thus permitting globalization of the 
trajectory by integrating the equations of motion 
backward in time to a position near Earth. 
A sensible contribute in the study of transfer orbits 
through manifold exploitation has been given by Koon, 
Lo et al. [20][21], Gómez et al. [13][14], Starchville and 
Melton 2526; this strategy has revealed its effectiveness 
in the design of low-energy transfers to the Moon. 
On the other hand, Belbruno et al. [1][2][3][4] proposed 
new trajectories, exploiting Weak Stability Boundaries 
(WSB) of the Earth-Sun-Moon system. For this kind of 
trajectories a long travel time is required but with a 
significant reduction in propellant mass. 
These innovative concepts required the development of 
specific tools for trajectory design. In particular, the 
chaotic dynamics governing those trajectories implies 
the need for methods that assure global convergence at 
least to a local optimal solution. A possible way to 
tackle this problem is to generate first guess solutions 
by using hybrid methods, that combine a global research 
by Evolutionary Programs and a local optimization by 
Sequential Quadratic Programming (SQP). 
Genetic algorithms have been used to solve difficult 
problems with objective functions that do not possess a 
convenient shape (Davis [8], Goldberg [10], Holland 
[17], Michalewictz [22]). These algorithms maintain 
and manipulate a population of solutions and implement 
a “survival of the fittest” strategy in their search for 
better solutions, so they can provide for a good initial 
guess for the optimization. Besides, the method used in 
the SQP optimization is an active set strategy [5] (also 
known as a projection method), similar to that of Gill et 
al., described in [11] and [12]. The solution procedure 
involves two phases. The first phase involves the 
calculation of a feasible point (if one exists). The second 
phase involves the generation of an iterative sequence of 
feasible points that converge to the solution. 
In this paper, after a brief summary of the ESMO 
mission, some techniques suitable for the design and the 
optimisation of low-energy chemical trajectories from 
the Earth to the Moon are presented. Different methods 
 
for trajectory optimization and multi-body dynamics 
have been investigated in order to design low cost 
trajectories, to reduce the propellant mass and to fulfil 
launcher and cost requirements. 
Some results are provided, based on a pre-phase A study 
of a similar mission to the Moon, called Hevelius [29]. 
Three landers, with miniaturized payloads, are 
supervised by a data relay microsatellite [6] (100 kg 
class) and are transported by a carrier from a LEO to the 
surface of the Moon, on which they perform a semi-hard 
landing. Moreover, the carrier has to map the lunar 
gravitational field and the landing site. 
2. THE ESMO MISSION 
The ESMO mission is a part of the SSETI (Student 
Space Exploration and Technology Initiative) 
programme. The main objective of the SSETI is to 
create a network of students, educational institutions 
and organisations across Europe in order to design, 
construct and launch micro satellites and other 
spacecraft, with the support of the European Space 
Agency (ESA) and Arianespace. This distributed task is 
handled by using available internet tools. 
ESMO is the third mission promoted by the SSETI 
association. Currently it is under feasibility (phase A) 
study. The main objectives of this mission, apart from 
the educational ones, are the following: 
• Acquire images of the Moon and transmit them 
back to Earth; 
• Perform new scientific measurements relevant to 
lunar science & the future human exploration of 
the Moon, in complement with past, present and 
future lunar missions; 
• Provide flight demonstration of innovative space 
technologies developed under university research 
activities; 
• Demonstrate the concept of an interplanetary 
micro-satellite; 
If the mission is considered to be feasible, the spacecraft 
will be launched as an auxiliary payload into a highly 
elliptical, low inclination Geostationary Transfer Orbit 
(GTO) on the new Arianespace Support for Auxiliary 
Payloads (ASAP) by either Ariane 5 or Soyuz from 
Kourou. From its insertion orbit, the micro-spacecraft 
would carry a propulsion system with sufficient Δv  
capability for lunar transfer, lunar orbit insertion and 
orbit transfer to its final orbit for the science phase. A 
miniaturised suite of scientific instruments will perform 
measurements during the lunar transfer and science 
phases over the period of a few months, according to 
highly focussed science objectives. 
Both chemical propulsion and Solar Electrical 
Propulsion (SEP) will be designed and studied during 
the phase A. These two options will lead to two deeply 
different satellites. 
In the former case, high-thrust impulsive manoeuvres 
will be used in order to inject the spacecraft into the 
transfer orbit, to finally reach the objective orbit around 
the Moon, in which the scientific payload will be used 
(a trade-off between different final orbits must be done). 
The chemical transfer can also be exploited by means of 
a transit in the WSB, to save propellant mass. 
Depending on the kind of transfer, it can take from a 
few days to a couple of months. 
A solar electric propulsion spacecraft requires a 
completely different kind of trajectory: because of the 
very low level of thrust available, continuous low-thrust 
arcs of trajectory are required, together with coastal 
arcs. A high number of spirals may be required before 
being captured by the Moon gravity field, and thus the 
transfer time can be significantly greater than in the 
chemical case. Furthermore, the design and optimisation 
of a low-thrust trajectory requires the solution of an 
optimal control problem, rather than a vΔ  
minimisation. 
The spacecraft may also be put, at the end of its life, on 
a very low lunar orbit, to take some high resolution 
photos of the surface, and then even the final impact of 
the spacecraft can be targeted for final purposes. 
3. L1 TRANSFER 
Let consider the motion of a point mass (called the third 
body, e.g. the spacecraft) under the gravitational 
attraction of other two point masses (called primaries), 
much greater than the third one: they can be, for 
example, the Earth and the Moon. Let the influence of 
the third mass on the primaries be neglected: in this 
way, the primaries describe Keplerian orbit around their 
centre of mass. In literature, the study of the motion of 
the third body in this framework is known as the 
restricted three body problem. A further assumption is 
that the primaries are moving around their centre of 
mass in circular trajectories: in this case, the model is 
known as Circular Restricted Three Body Problem 
(CRTBP), but very often the “circular” assumption is 
considered even if not explicitly stated. 
A non-inertial, synodic reference frame is usually 
chosen: it is centred in the centre of mass of the system, 
the x axis is aligned with the two primaries, pointing 
from the smaller to the bigger one, the z axis is given by 
the angular momentum vector of the primaries (so it is 
perpendicular to the plane of motion), and the y axis is 
following the right hand rule. So, the system is rotating 
together with the primaries, and they are fixed in this 
synodic reference. 
Considering all these assumptions, the three differential 
equations of motion of the third body in the synodic 
reference frame are: 
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in which n is the angular velocity of the motion of the 
primaries around the centre of mass, 1 2,μ μ  are the 
gravitational constants of the two primaries, and  
are the distances of the third body from each of the 
primaries. 
1 2,r r
One important aspect of this problem is the existence of 
equilibrium points. Satellites can be placed at such 
points, and they will not experience any relative 
acceleration, thus permitting a stationary position 
relative to the Earth-Moon rotating frame, for example. 
An integral of motion related to energy can be easily 
obtained from (1), after having integrated over time 
[19]: 
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is called the effective potential, and C is the Jacobi 
constant. 
Given an initial position ( )0 0 0, ,x y z  for the particle and 
its initial velocity ( )0 0 0, ,  x y z , there must be a value  
which satisfies 
0C
 ( ) 02 , ,U x y z C≥  (4) 
where the equality applies for no relative motion, which 
means zero velocity of the particle in the synodic 
reference frame. Therefore, each contour of constant U 
value represents a locus of zero-velocity position, and is 
usually called Hill’s curve. Some of them are 
represented in Figure 1. 
The set of differential equations of the CRTBP admits 5 
equilibrium points, known as Lagrangian points, and 
denoted with L1 to L5. 
It is important to underline that a particle can have 
motion only in regions bounded by contours generated 
by values of C higher than its own. For example, if C is 
very large, then equation (4) is satisfied only for x and y 
very large or  or  very small. In the same way, if the 
particle is in the neighbourhood of the Earth, it will 
need a value of C at least equal to  in order to 
complete a transfer to the Moon. 
1r 2r
*C
Indeed, this value is the minimum for which it is 
possible to reach the Moon without crossing the 
associated Hill’s curve. In particular, from the figure it 
is clear that this kind of trajectory must pass through 
Lagrangian point L1, or very close to it. Since the value 
of the Jacobi constant is related to the energy, this kind 
of Earth-Moon transfer is called low-energy transfer. 
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Figure 1: Hill’s curves and Lagrangian  
points for the Earth-Moon system 
A low-energy transfer implies a low Δv, in fact this kind 
of transfer requires to give the spacecraft the minimum 
energy needed. 
These concepts have been used as a starting point to 
design low-energy transfers from the Earth to the Moon. 
Although not every trajectory passing through L1 is a 
low-energy one, it is true that a family of low-energy 
trajectories passes through a neighbourhood of L1. 
Thus, it is possible to require the transit in the 
neighbourhood of this point as a condition for the low-
energy transfer. 
3.1. Trajectory design 
The objective of the transfer orbit is to reach the target 
orbit, from a GTO parking orbit around the Earth. It is 
required to minimise the total ∆v, in order to limit the 
total mass of the spacecraft. 
To this aim low energy transfers through L1 of the 
Earth-Moon system can be exploited. 
3.1.1. First guess 
Since the operative orbit of the Hevelius mission is 
around a collinear libration point of the Earth-Moon 
system, low energy transfers can be obtained if the 
initial condition for a backward integration is taken on 
the stable manifolds of the L2 point. 
The first step is to discretise the reference target orbit in 
various points and to make a linear approximation of the 
problem to find eigenvalues and relative eigenvectors 
[25]. Subsequently each point has been perturbed in the 
direction of stable eigenvectors (real positive with 
backward integration, real negative with forward one). 
This procedure is particularly suitable for a Halo orbit, 
since the spacecraft is in the neighbourhood of a 
Lagrangian point. 
 
Then a restricted number of trajectories flowing close to 
L1 have been selected, because, in this way, the 
spacecraft may pass through a periodic orbit around L1, 
through Hill’s curves. 
Subsequently two Δvs have been placed along each one 
of the selected trajectories and have been optimised in 
order to intersect a sphere centred in the Earth with a 
given radius. For each intersecting trajectory another ∆v 
manoeuvre was placed at the minimum achievable 
distance from the Earth. This last Δv was necessary to 
obtain an elliptical parking orbit. 
The integration scheme used is an adaptive step Runge-
Kutta-Fehlberg 4/5 routine, that ensures the sufficient 
accuracy. 
Genetic Algorithms (GA) have been used to generate a 
set of first guess solutions minimising the sum of all the 
∆vs. The solution space of the function is searched 
through the use of simulated evolution, i.e., the survival 
of the fittest strategy. The fittest individuals of a 
population of solutions tend to reproduce and survive to 
the next generation, thus improving at every generation. 
An initial population of 500 individuals has been 
randomly generated. The state vector is composed by 
the ∆vs components and the times of flight of different 
segments that compose the Earth-L2 trajectory. 
The algorithm uses traditional operators such as uniform 
mutation, non-uniform mutation, multi-non-uniform-
mutation, boundary mutation, simple crossover, 
arithmetic crossover and heuristic crossover [22]. 
3.1.2. Solution refinement 
The solutions generated with GAs have been then used 
to feed a finer optimization phase. A Sequential 
Quadratic Programming algorithm has been used to 
converge locally to optimal transfers satisfying the 
required terminal conditions. 
Figure 2 shows the obtained transfer trajectory in the 
synodic reference frame. ∆v values and trajectory 
segments time intervals are shown respectively in Table 
1 and Table 2. 
 
 
Figure 2: Earth-L2 transfer orbit 
Table 1: Earth-L2 transfer ∆v 
∆v to change the orbit plane 0.000097 m/s 
∆v for transfer injection 666.97 m/s 
∆v2 0.0039 m/s 
∆v3 593.36 m/s 
∆v4 0.02918 m/s 
Total transfer ∆v 1260.34 m/s 
Statistical ∆v 126 m/s 
 
Table 2: Earth-L2 transfer timeline 
Transfer starting time t0
Time following the first ∆v t0 + 0.42 d 
Time following the second ∆v t0 + 3.4 d 
Time on the manifold T0 + 31.54 d 
Total transfer time 31.52 d 
 
A 10% margin has been added to the total Δv in order to 
take into account statistical correction manoeuvres and 
gravity losses. 
3.1.3. Launch and phasing orbit 
The spacecraft will be probably launched on an Ariane 
5 as secondary payload (microsatellite class). Ariane 5 
will put the spacecraft into a GTO parking orbit: this 
choice allows to reduce the fuel mass. The perturbations 
due to the Earth oblateness, Moon and Sun 3rd-body 
effect have been exploited to phase the Ariane GTO and 
the required orbit from which the transfer begins; the 
rate of change of ω  is 0.72°/d. The launch of ESMO 
satellite is scheduled in 2011, but, since the date of 
launch, as a secondary payload, can not be decided, 
various launch opportunities, which generate different 
mission timelines, should be considered. One of these is 
reported in Table 3. 
 
 
Table 3: Departure orbit characteristics 
i (equator RF) 7° 
i (synodic RF) 11.3° 
Ω  41.4° 
Apoapsis height 35890 km 
Periapsis height 559.97 km 
Eccentricity 0.72 
Periapsis longitude -174.7° 
ωΔ  7.3° 
3.1.4. Frozen orbit 
The primary scientific aim of the ESMO satellite is to 
take some pictures of the surface of the Moon. Probably 
there may be also a gravitational field determination 
experiment. 
The final lunar orbit has not been chosen yet, but since 
there is the need to take picture of the surface and 
probably to map the gravitational field, the orbit should 
not be too high. Depending on the resolution of the 
camera and on the kind of lenses that will be chosen, the 
maximum altitude could be quantified as 500 km. 
Furthermore, a relatively low orbit would be advisable 
even for the gravitational experiment, in order to avoid 
as much as possible any kind of gravitational 
perturbations due to other bodies, mainly Earth. High 
orbit inclination is recommended to cover the most part 
of the surface of the Moon. 
These reasons motivate the choice of a frozen orbit. 
Konopliv’s spherical harmonics model with up to 20 
harmonic coefficients should be used. A target orbit, 
which meets the requirements stated before, has been 
chosen. Its parameters are shown in Table 4. 
 
 
4. WSB TRANSFER 
In recent years the research for new methods of space 
mission trajectories has received new impetus especially 
after Belbruno [1][4] first introduced the concept of 
weak stability boundaries. These are regions where the 
perturbative effects of Earth, Moon, and Sun on a point 
mass spacecraft tend to balance. The Belbruno transfer 
is a type of lunar orbit transfer, which requires 
significantly lower Δ s than corresponding Hohmann 
transfers. By placing a spacecraft into an orbit involving 
WSB from one body (i.e. the Earth), only a small 
v
Δv  is 
required to destabilize the orbit in such a way the 
spacecraft is captured by another body (i.e. the Moon).  
The most appropriate boundary to use for transfer of 
spacecraft to the Moon is the gravitational boundary 
between the Earth and the Sun, specifically the L1 
point. Basically, the transfer between Earth and Moon 
may be divided in two parts. First, the spacecraft is 
transferred from a parking orbit around the Earth to the 
WSB of the Earth (under the influence of the Sun and 
Moon) via a lunar flyby. Then, with a small amount of 
energy, the spacecraft reaches the WSB of the Moon 
(under the influence of the Sun and Earth) via a ballistic 
lunar capture trajectory. Belbruno and Miller [2][3] 
have shown that substantial improvements in terms of 
Δv performance are obtained with respect to Hohmann, 
biparabolic, and bielliptic transfer strategies. 
The most significant drawback of the Belbruno transfer 
is that long times of flight are needed. As transfer to the 
L1 point takes a significant period of time, and the time 
for ballistic capture by the Moon is also significant, this 
complex orbit can require times on the order of 3–5 
months, for a low Earth orbit (LEO) to low lunar orbit 
(LLO) transfer. This is obviously a serious 
consideration in design and operation of the spacecraft. 
Even the process of characterizing the exact orbit 
necessary is a significant undertaking. Since the 
Belbruno transfer utilizes the physics associated with 
multiple gravitational bodies (including the spacecraft, 
the Sun, Earth, and Moon), complicated modelling 
procedures must be derived to run on large 
supercomputers to solve the multiple-body problem 
associated with finding the exact orbit.  
Modelling has been done to show the combination of 
electric propulsion with the Belbruno transfer is a viable 
alternative to the standard chemically propelled 
Hohmann transfer. This method has also been 
successfully applied3 to rescue the Japanese Hiten 
(known before launch as Muses-A) mission. The 
spacecraft has been able to reach the Moon with a 
limited amount of propellant in 1990. 
Table 4: Frozen orbit parameters 
i 90° 
rP 1838 km (h = 100 km) 
e 0.03 
Ω 82° 
ω -90° 
 
4.1. Trajectory design 
The trajectory design process splits the orbit in two 
main branches: the former is propagated forward in time 
from the Earth parking orbit while the latter is 
integrated backward in time from a lunar orbit of 
appropriate inclination. The two branches are linked in 
the WSB where in general an additional Δv manoeuvre 
is required to match the velocity. For this problem a first 
guess solution can be found with the same procedure 
presented in [7], then the resulting solution has been 
optimized with the software DITAN [28], an algorithm 
that transcribes the equation of motion with a direct 
finite element method and solves the resulting 
constrained transcription (DFET) non linear 
programming problem with a SQP algorithm. 
Two WSB transfers, satisfying the Hevelius mission 
requirements, have been found (Table 5): they depart 
from Earth in 2015. The first one is slightly more 
expensive than the second one, but the latter is less 
sensitive to a variation in the initial conditions at the 
 
Earth. A further analysis has shown that similar launch 
opportunities occur every 6 months. 
 
Table 5: WSB transfer timeline 
Transfer 1 2 
Departure from LEO  25/09/2015 04/10/2015 
Arrival in WSB 01/11/2015 23/10/2015 
Lunar orbit injection 13/01/2016 08/01/2016 
 
Table 6 shows the cost of the required impulsive 
manoeuvres: ∆v1 allows the WSB transfer injection 
from LEO, ∆v2 is imposed in the WSB; after that the 
carrier is captured by the Moon, in an elliptical orbit, 
whose characteristics in an equatorial reference frame 
are showed in Table 7. At the pericentre, ∆v3 is needed 
to circularize the orbit and finally ∆v4 is the impulse to 
get into the frozen orbit. 
 
Table 6: WSB transfer ∆v 
Transfer 1 2 
∆v1 [m/s] 3121.0 3073.0 
∆v2 [m/s] 22.1 1.0448 
∆v3 [m/s] 648.2 645.5038 
∆v4 [m/s] 24. 3 24. 3 
Total ∆v2 [m/s] 3815.4 3743.8 
 ∆v [m/s] 138.1 130.9 
 
Even in this case, a 10% margin has been added to the 
total Δv in order to take into account statistical 
correction manoeuvres and gravity losses. 
 
Table 7: Elliptical lunar orbit characteristics 
Transfer 1 2 
a [km] 39184.6 35652.3 
e 0.95 0.95 
i [°] 90 90 ω  [°] 84.7 82.9 
Ω  [°] 180 36.7 
 
In Figure 3 WSB transfers made with DITAN are 
represented. 
  
Figure 3: WSB transfers in x-y plane (left) and x-z plane (right) 
CONCLUSIONS 
This paper presented two different kind of chemical 
transfers from the Earth to the Moon. The classic low-
energy transfer through L1 is much quicker than the 
Belbruno transfer. On the other hand, the latter is less 
expensive in terms of Δv. A trade-off should be done, 
including an electrical propulsion option, as longer 
transfer times are more expensive because of the longer 
duration of the overall mission. 
The Hevelius mission, due to its similarities, can be a 
good starting point to study the mission analysis of the 
ESMO project. It can also be used a comparison for the 
performance parameters (like the total Δv, and the 
transfer time, but also ground tracks and eclipses) of the 
optimized ESMO trajectory. 
Further studies in mission analysis should include: 
• A fine analyses of the launch windows; 
• Orbit determination and navigation analysis; 
• Failure analyses of the orbit injections; 
• Orbit maintenance manoeuvres schedule; 
• Ground segment design. 
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